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The  contract  was  established  In  July  1953  For  the  "preparation  and 

electrochemical  study  of  non-corrodlble  anodes".  The  primary  purpose  of 

these  Investigations  has  been  the  development  of  conducting  materials 

that  will  satisfactorily  resist  corrosion  when  used  as  anodes  In  various 

aqueous  solutions.  Such  substances  would  be  potential  substitutes  for  the 

noble  metals  which  are  extensively  employed  In  electrochemical  preparations. 

(l  2) 

Previous  researches  ' 7 showed  that  the  phosphides  of  the  trams It Ion 

metals  had  considerable  promise  as  non-corrodlble  anodes  and  these  compounds 
alone  have  been  studied. 

The  role  of  the  author  In  the  investigations  conducted  under  this 
contract  has  been  the  evaluation  of  phosphide  samples  with  respect  to 
their  corrosion  properties  and  the  determination  of  the  range  of  con- 
ditions, If  any,  under  which  each  particular  phosphide  sample  shows 


corrosion  resistance.  It  was  felt  to  be  worthless  to  oonduot  electro- 
chemical studies  of  phosphides  in  media  in  which  chemical  attack  was 
suffered.  Hsu,  Yocoo  and  Cheng ^ made  experiments  on  phosphide  samples 
in  which  the  rats  of  weight  less  was  dsteralned  in  various  aqueous  solutions. 


) 


fhc  re»ult«  of  those  experiments  have  been  such  that,  up  to  the  time  of 
writing,  only  two  phosphide  samples  have  warranted  eleotroohealoal  in- 
vestigation. 

At  times  when  phosphide  electrodes  have  not  been  available  for  cor- 
rosion teste,  attention  has  been  directed  towards  related  aspects  of 
electrochemistry.  Methods  of  investigation  have  been  developed  which  It 
Is  hoped  will  throw  light  on  the  mechanisms  of  anodic  corrosion  and  of 

electrode  reactions  in  general. 

The  subject  of  this  report  falls  naturally  into  the  following 

categories i 

The  "equivalent  reaction  pair"  approach  to  the  study  of  complex 
electrode  reaction  mechanisms. 

Experimental  methods  for  the  study  of  the  degree  of  corrosion  of 
of  phosphide  electrodes. 

Besults  obtained  from  the  corrosion  studies  of  phosphide  anodes  and 
discussion  of  these  results. 

Theory  of  "faradaic  rectification"  and  a discussion  of  possible 
applications  of  the  phenomenon. 

Experimental  technique  for  the  study  of  faradaic  rectification 
and  results  thereby  obtained  for  a mercury  electrode. 

The  material  will  be  presented  in  the  order  listed  above,  but  this 
should  be  understood  to  have  no  chronologloal  significance. 


A treatment  has  been  devised  that  enables  a oomplex  electrode 
reaction  to  be  reduced  to  a much  simpler  "equivalent  reaction  pair", 
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provided  the  reaction  mechanism  &■  known  or  oan  bo  pootulatod.  Prom  tho 
equivalent  reaction  pair  it  io  pooiiblo  to  predict  current-voltage 
curve e and  all  other  properties  that  depend  on  the  kinetics  of  the 
electrode  reaction.  The  converse  is  only  partially  true:  analysis  of 
experimental  results  in  terms  of  the  treatment  will  enable  certain 
mechanisms  to  be  ruled  out  of  consideration;  however  otbera  will  probably 
be  left  in  dispute. 

The  mathematical  derivation  of  the  treatment  will  not  be  presented 
here,  since  this  has  be6n  reported  in  full  previously.  Moreover,  the 

(4) 

material  is  in  publication  . However,  the  example  below,  which  is  taken 
from  the  phosphide  corrosion  discussion  of  section  XV  of  this  report,  will 
serve  to  illustrate  the  application  and  limitation  of  the  equivalent  re- 
action pair  method. 

The  corrosion  of  a chromium  phosphide  anode  in  acid  solution  occurs 
with  a stoichiometry  which  can  be  represented  by  the  overall  reaction: 


2CrP  ♦ 15H.0 


CrgOy  + 2P04  ♦ 3CH  ♦ 22e" 


Such  an  electrode  reaction  dearly  warrants  the  term  "complex”.  Squatlon 
(a)  cannot  possibly  depict  the  mechanism,  for  it  has  a far  greater 
molecularlty  than  is  fsaslbls. 

The  number  of  mechanisms  that  may  bs  envisaged  to  explain  tbs  overall 
reaction  (a)  is  legion,  for  example,  the  following  four  stops  may  bo 
imagined  to  occur: 


Orf  + 2E,0  - Or  ♦ H.PQ,  ♦ a ♦ 4e 


w's* 
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1 

( 

^44  MM.  + 

Cr  ♦ 4H*0  ■ Cr04  ♦ 8H  «■  3o" 

(c) 

HsPO,  + 2Ea0  « P07*“  + 6H+  + 4s“ 

(4) 

2Cr04  + 2E  * CrgOf  + Ha0 

(e) 

1 

where  reaction  (to)  is  the  rate-detemining  step  in  the  sequence.  How 

• 

applying  the  method  of  the  equivalent  reaction  pair,  we  may  combine  re- 

actions  (to)  through.  (3)  into  (f),  a hypothetical  reaction  pair  which  has 

all  the  kinetic  attributes  of  the  four  reactions  above,  thus: 

1 

• — 

CrP  ♦ 2H30  - (4-4*  )e~  ■ •kr307‘  + PoT”  + 15H+  - 5|h,0 

1 *v 

+ (7+4«f)e 

(f) 

where  cf  is  a symmetry  factor  or  transfer  coefficient,  taking  some  value  | 1 

between  zero  and  unity. 

Alternatively,  the  mechanistic  scheme  may  toe  considered  to  consist  of  1 I 

the  following  four  reactions: 

CrP  ♦ 5HtO  » Cr(0B)aP0,  + 8E+  + 8e' 

(g)  I 

4 4.44, 

Cr(OB)^POs  + 2E  - Or  * POj  25,0 

(h)  I 

2Cr'W+  + 7H*0  - Crt6T  ♦ l4H+  + 6s" 

(i)  I 

POj  + B,0  • PoT“  + 2H+ 

U)  1 

and  tbs  corresponding  equivalent  reaction  pair  is  found  to  toe: 

1 

CrP  - 6tf*  ♦ 5H#0  - 8e"  - i0r,6T  + ♦ 9?  - «Jl»0  ♦ Js" 

(k)  H 

if  (b)  is  the  slow  step  in  tbs  sohsas. 

I 
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It  will  be  noted  that  hydrogen  ions  are  absent  from  the  left  hand 
side  of  (f),  whereas  they  are  present  with  the  coefficient  -6  in  (k). 

This  Is  to  be  interpreted  as  meaning  that  corrosion  (the  left  to  right 
direction  of  reactions  (a),  (f)  and  (k))  will  be  unaffected  by  pH  in  ease 
the  scheme  (b,  c,  d,  c)  represents  the  true  course  of  the  corrosion  re- 
action, but  if  scheme  (g,  h,  i,  is  correct  increasing  hydrogen  ion  con- 
centration will  have  an  inho.Vl'.iVf  effect  on  corrosion, 

The  err/  rinentai  renul^e  presented  in  section  IV  of  this  report 
show  clearly  that  in  the  range  pH  0 to  pd  7»  the  intensity  of  corrosion 
is  independent  of  bylr-vgen  ion  concentration.  Thus  scheme  (g,  h,  i,  J) 
cannot  represent  the  mechanism.  This  is  not  to  say  that  Bcheme  (b,  c,  d,  e) 
is  correct,  for  any  scheme  that  results  in  the  absence  of  protons  from 
the  left  hand  side  of  the  equivalent  reaction  pair  (and  there  are  very 
many  that  do'  ir?  equally  acceptable.  Such  a conclusion  is  typical  of 
most  that  will  be  given  by  the  equivalent  reaction  pair  approach.  While 
it  will  often  enable  certain  mechanisms  to  be  rejected  and  suggest  others, 
it  will  rarely  give  a decisive  answer  to  a problem. 

The  above  schemes  (b,  c,  d,  e)  and  (g,  h,  1,  J)  are  purely  illustrative 
end  are  not  to  be  considered  as  serious  attompte  te  explain  the  mechanism 
of  tho  corrosion  of  phosphide  anodes.  Though  they  are  considerably  ainplor 
than  the  overall  reaction  (a),  not  ono  of  the  reactions  (b)  through  (j) 
is  simple  enough  to  be  a likely  primary  unit  of  a mechanistic  scheme.  Tho 
problem  of  elucidating  the  mechanism  of  a corrosion  reaction  such  as 
this  Is  an  extremely  difficult  one,  complicated  me  it  probably  to  bp  the 
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prcsence  of  one  or  more  filial.  The  eorroaion  reaction  muit  alio  be  con- 
eidorcd  in  the  light  of  ita  competitive  reactions,  such  as  solvent  de- 
composition or  anion  discharge. 


111.  CORROSION  Zm-P.DOHTS 

Two  phosphide  samples  were  available  for  el  .ctroehemical  corrosion 
tests:  a short  piece  of  nickel  phosphide.  tfigP,  wire  and  a "slug"  of 
compacted  chromium  phosphide,  CrP.  The  latter  compound  is  very  refractory 
and  compacts  were  prepared^ by  sintering  the  powdered  material  under  argon. 

.Jour  avenues  of  approach  to  the  determination  of  the  degree  of  cor- 
rosion suggest  themselves,  vis: 

U)  The  measurement  of  the  rate  of  weight  loss  at  a measured 
current  density. 

(B)  Measurement  of  the  rate  of  accumulation  of  corrosion  products. 

(C)  Measurement  of  the  rate  of  liberation  of  the  non>corrosion 
product  (e.g.  oxygen),  whence  the  rate  of  corrosion  any  be  determined  by 
difference  from  the  total  current  passed. 

(D)  Indirectly,  by  the  analysis  of  current-voltage  curves. 

The  potentialities  of  all  these  methods  were  studied. 

Preliminary  experiments  showed  that  the  exposed  surfaee  of  anodlcally 
polrriesd  phosphide  nemplss  underwent  physical  disintegration  in  addition 
to  electrochemical  corrosion.  This  was  manifested  by  the  deposition  of  a 
fine  gray  powder  on  the  floor  of  the  vessel  adjacent  to  the  anode  and  by 
visible  "flaking”  of  the  phosphide  surface.  It  la  believed  that  this 
disintegration  la  eauasd  by  the  formation  of  gas  bubbles  inside  the 


% 
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surface  layer*  of  the  anode,  due  to  the  appreciable  poroeltjr  of  the  phoephid* 
earplee.  This  belief  la  eupported  bjr  the  observation  of  a higher  degree 
of  disintegration  of  OrP  compared  with  the  ViaP,  in  line  with  the  greater 
porosity  of  the  compacted  material.  Simple  measurement  of  weight  loss 
could  not  differentiate  between  this  disintegration  and  true  corrosions 
(a)  was  therefore  abandoned. 

++ 

The  corrosion  of  Vi*P  and  OrP  was  found  to  yield  the  ions  VI  , 

4 44 

Ct90j~“  and  Cr  . analysis  of  these  ions  is  a comparatively  simple 
matter  and  hence  approach  (B)  was  employed  extensively.  The  experimental 
details  of  the  various  methods  are  given  below.  It  was  tacitly  assumed 
that  the  phoephorus  content  of  the  anodes  was  corroded  to  the  +5  state, 
i,s.  to  the  P07“  ion  or  some  similar  phosphate  anion. 

The  third  approach,  (C),  offers  a very  simple  and  powerful  method  for 
assessing  the  degree  of  corrosion.  By  placing  in  series  two  cells, 
identical  in  all  respects  exoept  that  one  has  a phosphide  anode  and  the 
other  an  inert  electrode  of  the  same  area,  a direct  estimation  of  the 
extent  of  corrosion  is  obtained  by  comparison  of  the  oxygen  volumes 
liberated  at  each  anode.  This  method  was  used  extensively  for  VlaP 
anodes  but  could  not  be  successfully  *m ployed  for  the  OrP  compacts,  for 
the  following  reason.  The  method  necessitates  the  passage  of  a considerable 
quantity  of  electricity  in  order  that  the  gas  volumes  may  be  accurately 
compared.  However,  as  noted  above,  the  OrP  compacts  arc  very  susceptible 
to  physical  disintegration  and  this  results  in  a "paste"  of  loose  powder, 
gas  bubbles  and  solution  being  formed  at  the  anode  surface.  Under  such 
conditions  the  electrode  area  is  indefinite  and  is  subject  to  wild 
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fluctuations.  To  obviate  this  usds air able  effect,  it  is  necessary  to 
obtain  a measure  of  the  degree  ef  oorrosion  with  the  least  possible  pass, 
age  of  electricity.  The  (B)  approach  is  the  aost  favorable  in  this 


respect. 


(1.2) 


Besults  obtained  with  iron  and  cobalt  phosphides  showed  that 
the  presence  of  corrosion  was  clearly  reflected  in  current-voltage  curves 
recorded  with  phosphide  microanodes.  However,  no  such  correlation  was 
found  in  the  oase  of  CrP.  Method  (D)  was  therefore  considered  to  be  un- 
reliable and  was  abandoned. 

Below  are  listed,  in  some  detail,  the  experimental  techniques  actually 
used  to  provide  the  data  listed  in  section  XV. 

Method  1 The  cell  shown  in  fig.  1 was  constructed.  This  consists  of 
a ohamber  (of  about  2 so?  volume)  on  one  vertical  wall  of  which  a circular 
face(l  to  1 1/2  mm,  in  diameter)  of  the  compact  was  exposed.  The  opposite 
face  was  an  agar  plug  which  was  connected  by  a salt  bridge  to  a saturated 
calomel  cathode.  The  cell  was  filled  with  2.00  mis  of  the  solution  under 
study,  a small  nitrogen  bubbler  could  be  Inserted  into  the  solution  to 
prevent  the  ingress  of  atmospheric  oxygen.  The  probe  of  a small  potential, 
measuring  calomel  electrode  was  also  inserted  into  the  solution. 

Preliminary  experiments  in  a conventional  cell  showed  that  the  dlohromate 
ion  in  deoxygenated  solutions  of  normal  sulphuric  acid  gives  a well.defined 
diffusion  wave  at  a platinum  wire  mlorocathode.  The  half-wave  potential 
vac  +0.4?  volts  vs  S.C.l.  ("European"  convention)  and  the  diffusion 
current  (corrected  for  residual  and  measured  at  +0.2  volts)  was  accurately 
proportional  to  dlohroaats  lea  concentration. 
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A very  simple  method  was  thue  available  for  the  determination  of 
the  rate  of  corroelon  of  CrP  In  H H»S04.  A calibrated  platinum  wire 
electrode  vae  inserted  into  the  cell  shown  in  Tig,  1 and,  during  the 
course  of  a corrosion  experiment,  measurements  were  made  of  the 
current  drawn  at  +0.2  volts.  Unfortunately,  the  characteristics  of  the 
platinum  wire  (in  particular  the  residual  current  at  +0.2  volts)  were 
subject  to  a random  variation  of  such  a magnitude  that  this  method  of 
dichromate  assay  was  subsequently  abandoned. 

Method  2 This  method  employed  the  coll  shown  in  Fig,  1,  After  a known 
current  had  been  passed  for  a known  length  of  time,  a single  drop  of  tbs 
solution  was  withdrawn  and  treated  with  one  drop  of  1^  ethanol lc 

diphenyl earbas lde  (otherwise  called  diphenyl carbohydraside,  Fh. HE. HE. 00. 

(5)  (6) 

HH.HE.Ph) v . This  is  a well-known  spot  test  for  the  dichromate  ion 

and  the  method  was  made  seni-quantitatlve  by  comparing  the  color  with  that 
given  by  a series  of  solutions  with  known  dichromate  ion  oontent.  Inter- 
polation enabled  a fairly  accurate  estimate  to  be  made  of  the  dichromate 
concentration. 

Method  3 The  previous  spot-test  method  gives  a measure  only  of  the 
Cr(VI)  content  of  the  solution.  However,  in  some  cases  as  noted  above, 
corrosion  also  occurs  to  Cr(XXX).  The  degree  of  corrosion  to  this  stats 
was  estimated  in  the  following  Banner.  A portion  ef  the  solution  was 
amlysed  for  Or (VI)  in  the  usual  way.  A further  portion  was  treated  with 
potassium  persulphate  prior  to  analysis,  ly  difference  a measure  of 
the  Or  (XXX)  oomceatratloa  was  obtained. 
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Method  4 A epot-teet  method  was  also  applied  to  the  analysis  of 
solutions  subjected  to  Ni*P  oorroalon,  but  not  ae  a quantitative 
procedure.  The  absence  of  colour  on  treatment  with  the  well-known 
dinethylglyoxime  reagent  wae  taken  ae  indicative  of  the  complete 
absence  of  Hi  * 


Method 


It  haa  been  noted  above  that  in  the  ease  of  HiaP  cast  anodes 


it  was  possible  to  use  assay  methods  based  upon  the  direct  comparison 

of  oxygen  volumes  liberated  at  an  1T1*P  microanode  and  in  a similar  cell 

containing  an  inert  metal  microanode.  When  basic  solutions  were  employed, 

three  such  cells  vers  wired  in  series,  equipped  with  Hi,  Pt  and  NigP 

anodes.  Tor  other  solutions,  only  two  series  cells  were  employed,  those 

-2  2 

with  Pt  and  VlgP  anodes.  Anode  areas  were  approximately  10  cm. 

Tig.  2 is  a diagram  of  the  type  of  cell  employed.  The  cell  was 
simply  a beaker  containing  the  solution  through  which  was  bubblsd  a 
slow  but  continuous  stream  of  oxygen.  The  floor  of  the  beaker  was 
covered  with  a layer  of  mercury  topped  by  a layer  of  an  appropriate 
mercurous  salt  (e.g.  Hg»S04  for  SaaS04  solution  and  Bgs0  for  KGB).  The 
anodes  were  short  lengths  of  wire  which  vers  waxes  into  the  end  of  the 
shorter  limb  of  a J- shaped  glass  tube.  Contact  was  establlshsd  through 
a column  of  mercury  and  a burette  was  inverted  over  the  anode  and  filled 
with  solution.  By  assuming  that  the  oxygen  ourrent  efficiency  at  Pt 
(and  11  for  alkaline  solutions)  was  lOOjf,  the  degree  of  corrosion  was 
road  By  obtained  from  the  difference  in  oxygen  volumes  after  olootrolysis. 


.ft*..,. 
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Method  6 Corrosion  experiments  conducted  upon  CrP  at  high  current 
density  produced  dichromate  Ion  at  a concentration  great  enough  for 
classical  methods  of  analysis.  The  entire  cell  contents,  following  a 
corrosive  electrolysis,  were  titrated  iodometrioally  with  a sodium 
thiosulphate  solution  which  had  been  previously  standardised  with  a 
potassium  dichrooate  eolution  of  known  concentration. 


Method  7 Spectrophotometry  of  Cr*0 can  he  <iuite  accurate  for  con* 

-5 

cent  rati  one  as  low  as  10  M.  A method  was  developed  in  which  the  contents 
of  the  cell  shown  in  fig.  1 were  compared  with  similar  solutions  of 
known  dichrooate  concentration,  using  a Beckman  Model  D.U.  Spectro- 
photometer at  350  millimicron*,  the  wavelength  of  maximum  abeorptlon. 

The  above  eeven  methods  were  all  employed  to  determine  the  extent 
of  corrosion  of  CrP  and  HlaP  in  various  solutions.  In  addition,  some 
experiments  were  performed  in  an  attempt  to  elucidate  the  nature  of  the 
corrosive  attadc.  These  latter  are  described  in  the  next  section. 


IV.  RESULTS  at  CQHR06IQH  STUDIES 

The  degree  of  corrosion  of  an  anode  in  a particular  experiment 
ha*  been  expressed  as  a percentile  "corrosion  efficiency".  This  is 
defined  ae  the  percentage  of  the  total  current  passed  that  is  ef- 
fective in  causing  corrosion.  Zn  terms  of  oorroelon  products,  if 
nlero  moles  of  product  accumulate  in  t seconds,  through  the  passage 
of  a current,  1,  in  milliamperee,  then: 

Corrosion  efficiency  ■ 9<>50-~&-  % where  n is  the  number  of 
electron  associated  with  the  liberation  of  on  inn  of  the  oorroelon 


• «v.-  ■*-.  ^ , 
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(11)  The  degree  of  eorroelon  of  CrP  anodes  in  solutions  of  pE 
from  0 to  7 depends  mainly  on  the  current  density  (or  the  potential , 
which  parallels  the  current  density).  The  effeot  of  anions  and  of  pH 
are  secondary.  The  corrosion  efficiency  increases  with  increasing 
current  density,  being  about  at  100  mllllemperes  per  square  centi- 
metre. However,  even  at  extremely  high  current  densities,  bubbles  are 
evolved  and  the  corrosion  efficiency  probably  never  exoeede  about  JOi, 
The  eorroelon  product  is  Cr*0?  . 

(ill)  In  neutral  solutions,  an  anode  of  Hi#P  resists  corrosion 
better  than  one  of  CrP.  However,  a critical  comparison  is  hampered  by 
the  different  physical  states  of  the  two  materials. 

(iv)  In  normal  solutions  of  potassium  hydroxide,  Hi^*  anodes  tre 
uncorroded,  but  corrosion  of  CrP  occurs  to  both  the  +3  and  +6  states. 
This  corrosion  is  far  more  severe  than  in  acidic  or  neutral  solutions, 
the  total  corrosion  efficiency  being  about  at  10  milllamperes  per 
square  centimetre.  It  would  appear  that  a different  oorroslon  mechanism 
is  operative  at  pH  l4  than  in  the  pH  range  0-7  and  100j(  oorroslon 

might  be  expected  to  occur  at  current  densities  greater  than  100  a A 

.2 

cm  in  basic  solution. 

Table  2 represents  an  attempt  to  correlate  the  results  obtained 
by  Vood^  with  those  of  the  present  investigation.  The  construction  of 
the  table  involves  considerable  interpolation  and  the  values  listed  are 
of  little  worth,  exoept  in  illustrating  interesting  trends  in  this 
series  e t phosphides. 
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Corrosion  Efficiency  at  a Current  Density  of  approximately 
100  mill lamps  per  square  cm. 


Phosphide 

hold  solution 
pH  » 0 

Ventral  solution 
pH  ■ T 

Basic  soli 
pH  ■ 14 

PeP 

20 

30 

70 

CrP 

50 

50 

100 

TesP 

30 

100 

30 

Co«P 

100 

100 

30 

IlaP 

100 

30 

0 

The  phosphides  In  Table  2 form  a natural  sequence  In  the  order  listed. 
The  phosphides  at  the  head  of  the  table  possess  good  resistance  to 
anodic  corrosion  in  acid  solution  but  poor  resistance  in  basic  solution; 
thr  converse  is  true  at  the  foot  of  the  table* 

let  another  piece  of  evidence  may  bo  cited,  supporting  the  belief 
that  different  corrosion  mechanisms  are  operative  in  basic  and  acidic 
solutions.  Pig.  3 Is  the  potential  -pH  diagram^  for  chromium  (at 
1CT3H  concentration)  oompiled  from  the  data  given  by  Latimer^)  The 
increasing  stability  of  the  ♦€  state  with  increasing  pH  is  clearly 
shown.  Tet,  in  spite  of  the  Inference  of  1.54  volts  in  the  potential 
of  the  Cr(TZ)/Cr(ZZZ)  couple  between  pH  0 and  pB  l4,  corrosion  of  CrP 
in  acid  solution  occurs  to  the  *6  stale  exclusively  while  the  03  state 
is  alee  found  in  nonaal  alkali. 
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borne  evidence  has  been  collected,  baaed  on  corrosion  experiment! 
with  CrP  in  S H*S04,  which  strongly  suggests  the  existence  of  a film  at 
the  electrode  surfaee.  At  potentials  of  less  than  1.35  volts  versus 
b.C.E. , a CrP  anode  in  normal  sulphuric  acid  suffers  no  corrosion 
(c.f.  Table  1).  Under  these  conditions  the  evolution  of  oxygen  occurs 
with  100)6  current  efficiency,  oe curing  with  a somewhat  lower  over- 
potential  than  at  smooth  platinum.  The  stirring  resulting  from  the 
passage  of  a stream  of  nitrogen  has  no  effect  on  the  current,  which  Is 
quite  steady  and  reproducible  at  a constant  potential:  similarly 
mechanical  agitation  is  without  effect.  These  facts  dearly  Indicate 
the  absence  of  concentration  polarisation.  The  complete  absence  of 
reversibility  was  demonstrated  by  the  Independence  of  the  current  upon 
the  concentration  of  oxygen  In  the  solution.  Vhsn  the  anode  was  sub- 
jected to  a sudden  change  in  its  potential,  the  current  waa  found  to 
attain  Its  new  equilibrium  value  slowly.  The  final  current  was  approached 
from  either  higher  or  lower  values,  depending  upon  the  initial  and  final 
potentials,  but  the  final  ourrent  was  a unique  funotion  of  the  potential, 
being  independent  of  the  history  of  the  anode,  Thle  behavior  would  be 
expected  if  a film  exists  at  the  anode  surfaoc,  this  film  being  of 
pOlymelcoular  thickness  and  slowly  built  up  on  increasing  the  potential. 

In  £ H*804  the  onset  of  corrosion  of  OrP  is  not  marked  by  aqr  dis- 
continuity in  the  current-voltage  curve.  The  system  behaves  as  if  a 
corrosion  ourrent  beoomes  added  to  the  existing  oxygen  current,  the  latter 
being  uaaf footed,  Vlth  increasing  potential,  both  ourrent*  increase 
roughly  exponentially,  aad  are  abeut  equal  in  msgmltwto  at  the  highest 


, *A'*  ; 
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current  densities  that  have  been  studied.  At  nominal  current  denaltlea 
between  about  1.0  and  100  nllllamperes  per  square  centimetre,  a logarithmio 
relation  between  potential  and  current  is  obeyed,  the  value  of  the 
parameter  b la  the  fafel  equation, 

E ■ a ♦ b log  1 

being  about  0.3  volt.  This  value  1s  large  compared  with  the  usual  over- 
voltage values  for  b of  from  0.05  to  0.2  and  would  be  even  larger  If  the 
eorroaion  current  were  subtracted  from  the  total  anodic  current.  Again, 
this  effect  may  be  explained  In  terms  of  a film  which  increasingly  covers 
a greater  fraction  of  the  surface  as  the  potential  Is  Increased,  thus 
making  the  true  current  density  greater  than  Its  nominal  value. 


V.  TABABAIC  MCTITICATIOH 

(9-1*0 

Many  Investigators'  have  observed  phenomena  associated  with 

the  generation  of  a d.c.  potential  by  the  passage  of  a pure  a.o.  current 

aoross  a solution  electrode  Interface.  A theoretical  treatment  for  the 

case  of  equal  concentrations  of  soluble  reductant  and  oxidant  was  given 

(12) 

by  Doss  and  Agarwal,  though  the  present  anther  believes  their 

derivation  to  be  In  error  (vide  Infra), 

(10) 

Does  and  Agarwal  ' suggested  that  the  name  "redoxoklnetlo  effect" 
be  applied  to  the  phenomenon,  because  Its  magnitude  is  dependant  (to  some 
extent)  on  the  kinetics  of  the  oxldatlorwreduet Ion  reaction.  However,  It 
is  felt  that  "faradalc  rectification”  is  a more  deserlptlve  tom  whloh 
also  emphasises  the  correlation  between  this  effect  and  the  phenomenon 
appropriately  named  "fnradalo  adslttanss"  by  Osmhsms 
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The  charging  and  dlaehargiag  of  the  electrical  double  layer  always 

provides  one  path  by  which  alternating  current  nay  flow  across  a solution 

electrode  interface.  However,  if  a redox  couple  is  established  at  the 

electrode  surface,  an  additional  route  Is  provided  by  virtue  of  the 

occurence  of  the  electrochemical  reaction.  The  dependence  of  this 

faradaic  component  of  the  a.e.  current  upon  the  a.e.  potential  existing 

(15-20) 

across  the  Interface  has  been  studied  by  many  authors  . The 

theoretical  treatment  below  shows  that,  in  addition  to  this  a.e.  potential, 
a constant  d.c.  potential  is  also  gonerated  by  the  flow  of  faradaic  a.o, 
current  across  the  interface. 


Theory 

2 

Consider  an  electrode  of  area  A cm.  across  which  a pure  a.e.  current 
of  frequency  w/2V  cycles  sec.  1 is  flowing,  1 being  the  magnitude  of  the 
faradaic  component  of  this  current  (in  amperes)  at  time  t (seconds),  fy 
a convenient  definition  of  sero  time,  we  may  express: 


1 • 1 oos  w t 


(1) 


! 


f 


•I 


where  Z is  the  amplitude  of  the  a.e.  current. 

The  oxidised  form,  Ox,  of  a redox  oouple  Is  present  In  solution,  its 
balk  concentration  being  7 moles  cm."?,  Tbs  concentration  of  Ox  at  any 
distance,  x (cos.),  from  the  electrode  surface  is  denoted  by  C and  0o  is 
the  instantaneous  surface  oonoentratlon.  Zt  will  be  assumed  that  C0 
may  be  expressed  by  the  Fourier  eeriest 
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where  th m /^'»  and  R *e  are  undetermined  coefficients. 

If  sufficient  supporting  electrolyte  is  present  in  solution  and  if 
the  frequency  is  high  enough  to  prevent  appreciable  convection,  diffusion 
will  be  the  sole  mode  of  transport.  Assuming  conditions  of  seat-infinite 
linear  diffusion  to  exist,  Tick's  second  lam: 

JLfi  ■ D ,0 

**  >x»  ™ 

must  govern  the  transport  of  Ox,  where  D is  the  diffusion  coefficient  of 

8 _x 

Ox  in  cm  . sec.  . A solution  of  (3)  ie  required  that  vlll  satisfy  (2) 
and  the  additional  conditions  (4)  and  (5), 

0 ■ C for  **«P  at  all  t (4) 

(C)t  • (C)t+2o  for  all  x and  integral  m (5) 

Suoh  a solution  Is  (compare  Handles 

-f  • ‘ * n 

+ >}•’»{-$[)  •*{**-$)  i6) 

Tram  equation  (6)  an  expression  for  1 nay  be  derived  by  the  application 
of  tide's  first  lawi 


tl 


m'-'M 


m 20  ■ 


1 • -adl®  ("HL.  * t'i'Jlk1  00*  jfcjt 

sin  &t  (7) 


where  f represent*  the  faraday  and  n li  the  number  of  electrons  transfered 
per  molecule  of  Ox  reacting.  In  deriving  (7)  anodic  current  has  been 
considered  positive.  Comparison  of  (l)  and  (7)  shows  that: 

/*!  ■ 0 * 

anil 

/*»  * 

whence  (2)  becomes: 

«.  * * 1 do) 

let  P be  the  potential  of  the  sleotrode,  in  the  absenoe  of  current 
flow,  measured  in  volts  versus  any  convenient  reference,  the  elgn  being 
taken  in  accord  with  the  "Suropean"  convention.  If  an  a.c.  current  of 
faradaio  component  1,  given  by  (1)«  is  sow  passed  through  the  eleotrods, 
but  flow  of  d.c.  current  is  prevented,  the  potential  of  the  eleotrods 
becomes  P ♦ \j/  ♦ V oos  felt  + ♦).  V and  9 are  the  amplitude  and 

phase  angle  of  the  a.e.  potential  existing  across  tbs  interface,  Xt  is 
assumed  that  the  sleotrode  potential  oontalaa  no  contribution  from 
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haraonios  (i.e.  contains  no  terms  in  cos  2c«/t,  tin  3<«t.  etc).  Strictly, 
this  is  true  only  in  the  limit  as  Z approaches  sero,  however  it  is 
approximately  true  for  small  values  of  1.  Small  values  of  I (and  hence 
of  V and  ) are  assumed  henceforth,  (The  4.  c.  potential  [jj  is  caused 
hy  the  phenomenon  of  faradaic  rectification  and  we  shall  now  proceed  to 
derive  an  expression  for  it.  Zt  is  first  necessary  to  specify  the  chemistry 
of  the  redox  couple. 

The  electrode  reaction 

Ox  + no"  - Hd  (11) 

will  he  treated  first  for  the  case  in  which  Bd  is  at  constant  activity. 

A metal  electrode  in  contact  with  a solution  containing  its  ions  would  he 
an  example  of  this  case,  for  such  a system  in  equilibrium  we  can  write: 


0 - i - i - i - nAIk  exp  9Xp  (12) 


where 


*i  and  "i* 


are  the  individual  currents  corresponding  to  the  reverse 


and  forward  directions  of  (11).  The  gas  constant  and  the  absolute 
temperature  are  denoted  hy  B and  T and  c C is  the  symmetry  factor  or 
transfer  coefficient  for  the  electrode  reaction,  taking  some  value  be- 
tween sero  and  unity.  The  term  fc  is  a rate  constant,  being  the  actual 
rate  of  both  reverse  and  forward  reactions  when  3 ■ 1,  S is  defined 
by  1 * P - P©,  P©  being  the  value  of  P when  3 ■ 1. 

Upon  application  of  a.c. , T and  1?  are  no  longer  equal,  since  new: 

t « sAfk  exp^.fi^.l*  [a  «•  y ♦ 7 ooe  fct  ♦ 0 j ) 


0* 


"i  * nATkC0  exp  L*  + V + ^ C°*  ^ + ^ 


where  C0  is  given  by  (10).  How  if  V is  small  compared  with  Rt/n£.F,  Vp 
will  he  still  smaller  and.  the  following  approximations  will  he  valid: 


r-n£7V 


toe  (wt  + e) ) 


■ 1 - 


a 1 » SiJl  00s(wt  + 6)  ♦ 
5T 


e a a a 

cos*  U ♦ e) 

2T“ 


. , ^ »*  tf  Vv*  af  n 

"35  “ 


cos  6 cosvtft  ♦ 
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sin  9 sin^t  (l6) 


and  similar  approximations  with  (1  - <£  ) replacing  (-  £ ).  The  final 
step  in  approximation  (l6)  is  made  hy  neglecting  the  harmonic  term  in 
cos  (3ct  ♦ 26).  The  worst  error  introduced  hy  these  approximations  is 
about  2.%  it  7 £ 2T/2n  £ I,  which  is  7 X *2  n ill i~ volts  at  25°C  for 
n «£.  ■ 1.  Zf  these  approximations  are  inserted  into  (13)  and  (l4), 
si  eliminated  hy  means  of  (12).  small  or  harmonic  terms  neglected  and 
finally  (14)  subtracted  from  (13).  the  following  results: 
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(IF 


00*  9 « '■  1 1 J 

a dW/SJT' 


sin  6 + L ) 

nATtyaks  f 


Since  1 - 1*  ■ 1,  equation*  (1)  and  (lj)  oust  yield  Identical 
expressions  for  the  value  of  the  Instantaneous  faradaic  current.  Bence, 
equating  the  coefficient  of  slnj>t  in  (17)  to  sero  and  that  of  cos  wt  to 


lt  we  obtain: 


cos  6 • «(l  ♦ 2H) 


. s4  1 

(l  + ffi  ♦ 2H  ) • 


where: 


t/¥ 


The  tiae-  independent  tens  on  the  right  hand  side  of  (17)  must  equal 
sero  (this  corresponds  to  the  restriction  that  no  d.c.  current  is  allowed 
to  flow),  from  this  condition,  by  naans  of  (18)  and  (19),  the  following 
expression  for  is  derived: 

y • -$£(*/«  - f " ) <a> 


ssRepwaan 


■***•■*«» 


- A - 


This  equation  has  two  interesting  Halt  in#  own,  Xf  k <<•  C J Sw, 

y . . gg!  a/s . t ) 

vfalTIU  if  k > > 0 ^/tm, 


y-  -a? 


Tor  Intermediate  values  of  k,  is  a spans tr leal  slgnold  function  of 

log  S ae  depicted  In  Tig.  4,  the  point  of  inflection  being  at  H * 1/^2. 

If  (11)  repreeente  a redox  eonple  both  coaponente  of  vhioh  are  in 
eolation,  hawing  equal  balk  concent  ret  lone,  (5,  then  it  has  been  ehown  bp 
Handles  that  the  surface  concentrations  of  Ox  and  Id  obejr  the 
relationship: 


(Co)0x  ♦ (Co)^  ■ a®  « »ox  • hA  W 

With  this  additional  relationship,  a derivation  nap  be  earried  oat  which 
la  strictly  analogous  to  the  one  given  above.  The  results  are  as  fellows: 


sot  9 • -(1  + 23) 


(X  *23  * 2J*)i 
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She  expression  (27)  differs  from  the  result  obtained  by  Does  and  AcwmI 
for  the  case  problem  The  preeent  author  believes  that  the  approximations 
that  were  made  In  their  derivation  were  too  drastic.  The  expression  for 
^ takes  a simpler  form  than  (27)  la  *e»s  of  the  amplitude  «f  tbs 
faradalo  current,  thus:  * 


Equivalent  Circuit 


nWk 


The  properties  of  an  eleotrode  surfacs  with  respect  to  faradaic  a.c. 
cannot  be  depicted  in  terms  of  a circuit  consisting  of  resistors  and  con- 
densers, unless  peculiar  frequency-dependences  are  aecribed  to  these  components. 

(lb) 

However,  the  properties  of  a "Warburg  Impedance",  Introduced  by  Grahams 
are  very  useful  in  this  respect.  The  properties  of  this  elreult  element 
are  such  that  its  inpedancs  is  inversely  proportional  to  the  square  root 
of  the  frequency  of  the  a.o.  current,  Oils  ourrent  loads  the  ir§ltage  by 
a constant  angle  of  ft  radians. 

If  the  current  i - I eos  wt  is  passed  through  the  series  combination 
of  a resistor  and  a Warburg  impedance,  the  potential  across  the  pair  is 
readily  shown  to  bet 


^ 1 ♦ fysr.  + °°*  - arccot  (l  ♦ T^SlfM  (JO) 

«h«r«  r and  V/ ^ ar*  the  impedances  of  the  individual  element.  Comparison 

of  (30)  with  equation*  (18)  - (21),  a how*  that  tha  faradalc  propart la*  of 

tha  solution  electrode  interface  are  accurately  repreeented  by  the 

circuit  shown  in  figure  5.  where  tha  -W-  symbol  represent*  the  tfartourg 

(l6> 

impedance  and  the  battery  symbol  represents  a source  of  d.c.  potential 
in  the  sense  shown,  hat  a short-circuit  a*  far  a*  a.c.  1*  concerned.  The 
magnitudes  of  the  components  of  the  equivalent  circa! t are: 


— ■ . . — — 


r • HI 

n*A»*k(C) 


*♦  y • *-ir 


The  eleaents  in  Tig,  5 are  drawn  at  angles  such  that  the  diagram  alee 
represents  a voltage  vector  diagram. 

The  eleaents  connected  by  dashed  lines  In  Tig.  5 represent  an 

(IT) 

alternative  aethod,  due  to  Handle*  , of  representing  the  properties 


of  the  Varborg  impedance.  Zn  Handles'  note t lent 
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Ixpreesions  for  2,  and  Cy  may  bo  readily  derived  fro*  (31).  (32)  and  (3*0  \ 
they  will  bo  found  to  dlffor  by  factors  of  y?  froa  the  ozproselona 
deduced  by  Billion  (15)  for  the  saao  problem.  In  the  present  author's 


opinion,  Ellison's  derivation  Is  In  error  by  this  faetor.  Sin liar  treat- 


ment of  equations  (25),  (26)  and  (22),  for  the  ease  of  equal  concentrations 


of  Ox  and  Bd,  yields  expressions  for  B^  and  Cr  identical  with  those  of 
Bundles  ^7) 


In  the  construction  of  the  complete  equivalent  circuit  of  the  cell, 


account  eust  be  taken  of  the  double  layer  capacity,  Cg,  which  Introduces 


a reactance  In  parallel  with  the  faradaic  laps da nee  of  the  interface,  and 


of  the  necessary  presence  la  the  cell  of  a second  electrode.  If  this 


second  electrode  Is  of  the  saae  material  as  the  first,  Its  interface 


will  have  a stellar  equivalent  circuit  to  that  shown  In  fig.  3.  The  two 


electrodes  are  linked  by  a pure  resistance,  Bg,  the  obalc  resistance  of 


the  intervening  solution,  and  hence  the  entire  cell  is  electrically 


analogous  to  the  circuit  which  Is  depleted  vectorlally  in  figure  6. 


If  the  area  of  the  second  electrode  is  aade  very  much  larger  than 


that  of  the  first,  equations  (31)  and  (32)  show  that  the  faradaic  iapedanee 


will  as  suae  a negligibly  saall  value.  The  noxwfarsdalc  reactance  is  also 


Inversely  proportional  to  electrode  area,  so  that  for  the  large  electrode. 


If'  ■ r*  • l/Oj  * 0,  and  these  circuit  elements  nay  be  Ignored.  Iquatlon 
(21)  shews  that  la  net  aa  axpllclt  function  of  the  area  of  the  second 


a,.. 


v t 
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electrode.  However,  y * le  proportional  to  the  square  of  the 
a. c.  potential  developed  aoroe#  the  Interface,  and  thl#  latter  will  tend 
to  *ero  as  the  area  of  the  second  electrode  ie  Increased.  Thus,  for  a 
oell  containing  similar  electrodes  of  very  different  areas,  ths  equivalent 
circuit  reduces  to  that  shown  in  figure  7»  the  d.c.  potentials  P * ^ 
and  P (in  the  opposite  sense)  having  teen  combined  into  a single, 
measurable  element,  , 


Applications 

As  has  been  demonstrated  above,  the  d.c.  potential,  , is 

proportional  to  the  square  of  the  a. c.  potential,  V,  produced  across  the 
Interface.  The  constant  of  proportionality  is  a function  of  known 
constants  (&,  D,  etc.),  known  variables  (w,  C,  etc.)  and  certain,  often 
unknown,  parameters  ( <£  , k,  n)  of  the  system.  Henoe,  experimental 
Measurement  of  (j)  as  a function  of  ▼*  provides  a method  for  the 
determination  of  these  parameters. 

She  potentialities  of  the  method  are  most  clearly  demonstrated  by 
fig.  4.  (This  figure  applies  only,  of  course,  to  the  reaction  considered 
first,  l.e.  the  n eleotron  discharge  of  a soluble  molecule  of  Ox  to  a 
speoles  Id  at  constant  activity.  However,  similar  diagrams  may  be 
readily  ooastruoted  for  any  other  type  of  electrochsmioal  reaction). 
Sxperlaeatal  variation  of  such  factors  as  frequency,  concentration  and 
temperature  will  vary  H and  so  extensive  regions  of  the  curve  in  fig.  4 
may  be  detezmlnabls;  in  fortunate  olreuastances,  ths  whols  curve  might  be 
recorded. 


- 89- 

The  upper  Halt  of  (corrospondiag  to  lnngo  S a*d  largo  w,  tut 

•MU  k - right  hand  old#  of  fig.  4),  lo  mis  to  ho  wry  sensitively 

dependent  on  the  magnitude  of  dC  and  hoaeo  the  investigation  of  this 

region  offers  an  excellent  method  for  the  evaluation  of  the  symmetry 

factor  of  the  eleotrode  reaction.  This  fact  was  firot  realised  by  Dose 
(12) 


and  Agarwal  , who  used  experimental  data  on  the  ?e  , Fe  (equimolar)  / 
ft  electrode  to  calculate  the  symmetry  factor  (transfer  coefficient)  of 
the  exchange  reaction.  However,  it  Is  felt  that  their  data  are  In  error 
becruce  of  failure  to  take  account  of  the  a.c.  potential  developed 
across  the  solution  resistance,  H>#  which  must  be  subtracted,  veotorlally, 
from  the  a.c.  cell  potential,  to  obtain  the  true  lnterfaclal  potential,  V. 
from  the  Inflection  point  of  the  rising  portion  of  the  graph  of 
y/V8  versus  the  logarithm  of  frequency  (at  constant  concentration),  or 
in  some  similar  fashion,  it  is  possible  to  determine  k,  the  rate  constant 
of  tbs  electrode  reaction.  This  parameter  is  also  calculable  from 
measurements  of  the  faradalc  impedance  of  the  electrode ^5-^9)  and  ^ 
greater  inherent  accuracy  of  the  bridge  techniques  used  In  such  investi- 
gations will  be  refit c tec',  in  a more  precise  evaluation  of  k than  oy 
measurement  of  the  degree  of  faradalc  rectification.  However,  the  latter 
method  offers  a unique  advantage  over  the  classical  method  when  applied  to 
•olid  elootrodss.  Whereas  the  calculation  of  k from  Impedance  data  re- 
quires a knowledge  of  the  electrode  agnation  (81)  shows  that 

y/T* 


is  independent  of  A, 


Fig.  4 •hour*  that  measurement  at  the  lower  lialt  of  KjJ  will 
enable  a to  he  obtained.  Though  this  quantity  le  rarely  In  doubt  (for 
eueh  a elaple  reaction  ae  (11)),  ite  accurate  evaluation  will  provide 
confidence  in  the  method. 

For  complex  electrode  react lone,  etudy  of  faradale  reetifioatlon 

•ay  aeelst  In  the  determination  of  the  reaction  oechanien,  Thue  if  a 

(5) 

ooaplex  reaction  ie  representable  by  the  equivalent  reaction  pair  I 

■ Oi  t u ^ ■ pld  - nn(l  - (f  )e**  (35 

where  @ ie  not  neoeesarily  a symmetry  faotor.  For  such  a reaction,  it 
may  be  shewn  that: 

y • - qg  (i/a  - ) o< 

' v 1 + 21+21* 


where: 


'/¥ 


,U-a+  a) 

“A 


(o.f.  equations  (21)  and  (20),  to  which  06)  and  (37)  reduce  when 
a ■ 1 and  £ .).  Zt  will  be  seen  thet  study  of  the  degree  of 

faradale  rectification  offers  a method  for  the  evaluation  of  m and  ^ , 

which  may  greatly  assist  in  the  establishment  of  the  reaction  mechanism 

Hitherto  it  has  been  assumed  that  the  flow  of  d.c.  current  le  prevented, 
e.g.  by  the  presence  of  a blocking  condenser.  Current  will  flow  if  this 
is  not  the  case  and  the  dlreotlon  of  current  flow  will  be  in  accord  with 
the  sign  of  . A glaaoc  at  fig.  4 will  show  that  Is  usually 


r 


nagati ive;  that  la  to  eay  that  If  two  eleetrodea.  of  eopper  for  example, 
aro  lmmereed  in  a aolutlon  containing  eoppor  loaa  and  connected  by  a 
wire  In  which  an  a.o.  la  indnoed,  the  amallor  alaetrode  will  tand  to 
aeeume  a alight  negative  charge  with  reapect  to  the  larger.  Currant 
will  flow,  accompanied  by  a depoeition  of  copper  at  the  large  electrode  at 
the  expenae  of  the  aaall.  A comparable  aituation  would  ariae  if  a 
maaalva  piece  of  copper  waa  totally  hameraed  In  the  aolutlon,  la  the 
preaenee  of  an  a.e.  field,  the  large  and  aaall  electrodee  reaultlng  from 
different  grain  alaea  at  the  aetal  aurfaea.  Aran  though  no  net  die. 
aolutlon  of  copper  would  oocur,  a pitting  and  roughening  of  the  aurface 
would  be  expeoted.  It  la  lntereatlng  to  epeeulate  on  whether  auch  an 
effect  contrlbutea  any  reeponalblllty  for  the  agraration  of  metallio 
decsy  In  the  vicinity  of  a.c.  Imatallatlona  that  hae  often  been  obaerred 
by  corroalon  engineera. 

TI.  MCTUICATIOE  TOTOPCPTS 

The  limitation  to  the  accurate  determination  of  /▼*  la  lmpoaed, 
not  by  the  neaaurenent  of  which  la  a comparatively  elaple  matter,  hut 
by  the  difficulty  In  determining  7 , Sble  la  partly  beoauae  of  the 
exponent,  but  nalnly  becauee  ▼ oannot  be  maaaured  directly.  ▼ la  defined 
aa  the  amplitude  of  the  a. c.  potential  exlatlx^  acroea  the  Interface,  l.e. 
aoroea  the  triangular  network  la  fig.  7*  Aa  a.o.  mUllvoltmeter  may  be 
employed  to  meaaure  Vx,  the  total  potential  aeroaa  the  oell,  but  thla 
oontaine  a contribution  V,  from  the  paaaage  of  the  a.o.  ourrent  through 
Ba,  and  the  veotorial  eubtractlon  cannot  be  carried  out  without  a 


€ 
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knowledge  of  ike  phase  angle  hstwssa  T,  aad  Y.  Instead  of  Maturing 
this  phase  angle,  an  alter native  procedure  was  adopted  which  ie  il- 
lustrated by  figure  8,  a semi-vectorial  diagram  of  the  essential  circuitry 
of  the  experimental  apparatus.  A resistor,  B,  is  placed  la  series  with 
the  esll  aad  Its  aagnltude  is  adjusted  to  be  exaotly  equal  to  Bf.  The 
measurable  potential,  Y*,  across  B is  thus  equal  in  both  magnitude  and 
phase  to  Yg.  The  total  potential  drop,  Y»,  across  the  series  combination 
of  B and  the  cell  is  also  determined.  It  will  be  seen  from  fig.  8 that 
the  rectors  Yj  and  Y#  fore  the  adjacent  sides  of  a rhomboid,  of  which  Y 
aad  Vj  are  the  diagonals.  Oeometrical  considerations  relate  the  lengths 
of  the  sides  and  diagonals  of  a rhomboid  in  such  a manner  that: 
m s a s 

Y • 2Yj  ♦ 2?a  - Y*  (38) 

s 

This  relationship  was  used  to  measure  ▼ • 

Iquatlon  (38)  shows  that  the  determination  of  Y is  the  more  accurate, 
the  smaller  the  value  of  B>.  This  consideration  was  paramount  in  dictating 
the  design  of  the  apparatus  shown  in  figure  9,  and  the  choice  of  support ixg 
electrolyte.  The  cell  employs  mercury  electrodes,  the  large  electrode 

being  simply  a pool  on  the  floor  of  the  cell.  The  small  electrode,  a 

s 

slightly  flattened  hemisphere  of  mercury,  of  a few  am.  area,  "balanced* 
on  the  end  of  the  S~ shaped  siphon  tube.  This  electrode  is  established 
by  adding  mercury  dropwlse  at  B (fig.  9) » until  the  mercury  Just  fails  to 
overflow.  With  practice,  it  is  possible  to  reproduce  the  area  of  the 
small  slsctrods  to  give  an  uncertainty  of  about  0.1  ohm  in  3.0  ohms 
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(a  typical  value  for  B#)|  this  reproducibility  is  not,  however,  required, 
since  the  resistance  S was  always  adjusted  to  the  new  value  ef  Bg  after 
reforming  the  surfaee  of  the  small  electrode. 

She  sinusoidal  signal  used  in  the  measurement  of  faredalc  rectifi- 
cation Is  produced  by  the  audiofrequency  oscillator  01  (fig.  9)»  a 
"Low  Distortion  Oscillator1',  manufactured  by  General  Badlo  Co.  (Type  1301A). 
This  precision  oscillator  generates  any  one  of  27  standard  frequencies 
from  20  c/s.  to  15  kc/s.,  of  continuously  variable  voltage.  The  isolation 
transformer  02  was  a "Low  Harmonies  Transformer*  (Type  57 6B  of  Central 
Radio  Co.),  serving  also  as  a 4X  step-up  transformer.  The  condenser  Cl 
(Cornsll-Dublller  decade  capacitor  unit,  usually  set  at  1.0  microfarad) 
serves  to  prevent  the  flow  of  d.c.  current,  while  the  choke  I (8  henry, 
low  resistance  a.f.  choke)  prevents  ths  a.o.  signal  from  beUg  shorted 
by  the  potentiometer  used  to  measure  • She  parallel  network  of  SI 
and  R2  (both  nonlnductlvsly  wound  precision  desada  reels  tors)  constitutes 
8,  the  resistor  that  is  set  equal  to  Bg,  ths  solution  reslst&noe  of  the 
aell.  The  measurement  of  Bs  involves  ths  use  of  tbs  auxiliary  r.  f. 
oscillator,  02  (Esathkit,  model  Ad-d),  a sins  wave  generator  of  continuously 
variable  frequency.  The  total  lapedance  of  the  oell  was  measured  by 
switching  in  Qe,  via  the  r*f.  isolation  transformer  12,  and  adjusting  B 
until  T,  end  V*  are  equal;  the  impedance  is  then  equal  to  B.  This  measure- 
ment was  made  at  40  kc/s  and  at  $6.6  kc/s  and  extrapolated  to  infinite 
frequency  by  means  of  ths  relationship  (snot  for  a resistor  mad 
capacitor  in  scries)) 


*<*>56. 6k*  lt>4*  * <*>oo  * *. 


09) 


I 

\ 

The  rMittort  HI  and  B2  were  then  adjusted  such  that  their  hamonlc  mean  j 

was  equal  to  the  value  of  H»  calculated  hy  (39).  When  svltch  82  had  1 

• 5 

been  opened,  the  apparatus  vat  completely  adjusted  for  the  aeasureaent  of 
and  Y*. 

To  avoid  the  use  of  three  a.c.  meters  as  shown  in  Pig,  8,  a four-bank, 
four  position  switch  81  was  used  in  conjunction  with  a single  a.c. 
milllvoltmeter,  M (Heathklt,  model  AY-2),  This  meter  has  a sensitivity  of 
10  millivolts  r.m.s.  for  full  scale  deflection,  together  with  several  less 
sensitive  scales.  Zt  was  found  to  have  a flat  frequency  response  over  the 
range  of  operation  of  01  and  was  calibrated  to  read  directly  in  square 

millivolts  of  amplitude.  The  first  three  positions  of  the  switch  SI 

s s s 

enable  the  terms  Ylf  Ya  and  Y*  to  be  measured;  the  fourth  commons  the 
mercury  electrodes,  enabling  their  common  potential  to  be  measured  versus 
the  reference  electrode,  BET.  A oathode  ray  oscilloscope  (Demoat  model 
30ta)  was  permanently  connected  In  series  with  M,  enabling  the  a.c.  signals 
to  be  monitored  visually,  to  give  assurance  that  the  signals  were  undlstorted, 

Zn  the  first  three  positions  of  switch  81,  the  mercury  electrodes  are 
connected  through  I to  the  potentiometer,  POT.,  enabling  the  potential 

to  be  measured.  This  potentiometer  was  constructed  on  the  Poggendorff 
principle,  having  a total  range  of  ♦ 15  millivolts.  The  slide-wire  drum 
could  be  readily  adjusted  to  one  microvolt,  but  the  accuracy  was  limited  by 
the  galvanometer  (Subicon,  mirror-  in- box  type)  which  has  a voltage  sensi- 
tivity of  13  alerovolts/ailllmetsr. 
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Tabls  3 show*  the  results  of  31  experiments  with  the  apparatus, 

*-6. 


employing  a 1.0  oilliaolar  05  ■ 10“  ) of  mercurous  loa,  la 

5.0  M perchloric  acid  at  25°C.  These  results  cover  a vide  range  of 
frequencies  and  a.c.  potentials.  Excepting  the  results  obtained  under 
the  most  extreme  conditions  (there  are  diverse  reasons  for  the  belief 


that  erroneous  values  of  will  be  obtained  if  either u<  or  V is  too 
large  or  too  small),  all  the  observed  values  of  48T  \^/T V lie  between 
-1.7  and  -2.1,  with  most  lying  within  0.08  of  the  mean  value,  -I.85.  There 
is  no  ..trend  with  frequency  of  the  term  UBT  ylTI  , showing  that  in  the 
range  of  experimental  conditions,  equation  (21)  for  always  assumes 

one  its  limiting,  frequency- independent  forms  (22)  or  (23).  from  the 


magnitude  of  the  effect,  it  is  clear  that  it  is  equation  (23)  that  is 


operative  and  that  the  experimental  velum  of  4HT  /Tt  , -1.85,  1*  an 
approximation  to  the  true  value  of  -n,  2.0,  Many  causes  for  this  7$ 


discrepancy  any  be  surmised,  but  the  operative  cause  is  unknown.  The  small* 

•2 


unexpected  positive  trend  in  » with  1 nor  easily  T shown  in  table  3 for 
the  results  at  75  c/a,  appears  to  be  a real  effaet,  though  it  remains  un- 
explained. However,  within  the  most  useful  range  of  V,  between  4 and  10 
millivolts,  the  trend  is  not  apparent. 

The  results  in  table  3 rsfer  to  the  lower  limit  shown  in  71g*  4,  Zt 
would  appear  that  log  H C -2,  from  which  the  approximate  lower  limit 
k >0.05  may  be  calculated.  Attempts  were  made  to  increase  H and  so 
obtain  points  on  the  rising  portion  of  Jig.  4,  both  by  increasing  $ 
and  by  decreasing  k (by  lowering  the  temperature  and  by  tbs  addition  of 
gelatin^))*  these  were  unsuccessful. 


1 


I 


-37- 


▼ix.  ssnmm 


(1)  D.  V.  Wood,  Ph.D.  Thesis,  University  of  Illinois  (1953). 

(2)  D.  W.  Wood,  University  Microfilms  Unn  Arbor,  Michigan)  Publ. 

Ho.  5251  (1953). 

(J)  5.  S.  Hitt,  P.  S.  focom  «d  T.  0.  C.  Ohitt*.  ^‘*£Ljj3K* 

to  the  Office  of  Haval  Research,  This  Contract  (1951<“55J. 

(U)  K.  B.  Oldham,  J.  iP.er.  Chem,  Soc.,  in  press,  (1955)* 

(5)  F.  Caseneuve,  Compt.  rend.,  131,  346  (190®)* 

(6)  f.  Felgl,  "Qualitative  Analysis  hy  Spot  Tests",  llsevisr 

Publishing  Company,  Hew  York,  p.  128  (19**7)* 

(7)  P.  Delahay,  M.  Pourbalx  and  P.  van  Bysselberghe , J.  Chem.  Iduc., 

2J,  683  (1950). 

(8)  W.  M.  Latimer,  "Oxidation  States ",  Prentice  Hall  Company, 

Hew  York,  (1950). 

(9)  LeBlanc  and  Schick,  Z.  physik.  Cham,,  46,  213  (1903). 

(10)  K.^S^j  Doss  and  B.  P.  Agarwal,  J.  Sci.  industr.  Res.Xludla}  *1»  2S0 

(11)  Idea,  Proc.  Ind.  Acad.  Sci.,  J4,  229  U951)* 

(12)  Idem,  ihid,  J4.  263  (195D* 

(13)  H.  P.  Agarwal,  J.  Sci.  Soc,  Bare  our  t Butler  Tech.  Inst,  and  Indian 

Inst,  of  Sugar  Tech.  Kanpur,  2,  33  (1993)* 

(14)  H.  P.  Agarwal  and  Y.  X.  Oupta,  ibid,  jg,  52  (1953) » 

(15)  P.  J.  Hillson,  Trans.  Taraday  Soc.,  .52,  3®5  (1954)* 

(16)  D.  0.  drahame,  J.  Heetrochem,  60c.,  ,29,  370C  (1952)* 

(17)  J.  1.  B.  Randles,  Discus.  laraday  Soc.,  1,  U (1947). 

(IS)  H.  Gerischer,  Z.  physik.  Chea.,  12g,  2*6  (195D* 

(19)  P.  Dslahay,  "lew  Instrumental  Methods  in  Electrochemistry", 

Zat#7Ml#B0#  ptfblllbltl  InCe.  fcv  Iwfc  Js  Tat  p ' SS*)  • 


